A combined approach has been used to study thermal effects on the extended x-ray absorption fine-structure ͑EXAFS͒ of copper between 4 and 500 K. A phenomenological data analysis shows that the thermal expansions measured from the first and third cumulants significantly differ between each other and from the crystallographic thermal expansion. Path-integral Monte Carlo calculations of EXAFS cumulants have been performed, using a many-body potential. The good reproduction of experimental values validates the phenomenological analysis and opens more perspectives for applications to more complex systems. It is shown that the reproduction of EXAFS parameters allows for a test of the interaction potentials with regard to anharmonicity. The possibility of extracting original information on local thermal expansion and correlation of atomic motion in crystals from extended x-ray-absorption fine-structure ͑EXAFS͒ has been emphasized by many recent works.
The possibility of extracting original information on local thermal expansion and correlation of atomic motion in crystals from extended x-ray-absorption fine-structure ͑EXAFS͒ has been emphasized by many recent works. [1] [2] [3] [4] [5] [6] The interpretation of thermal effects over an entire EXAFS spectrum, including multiple-scattering effects, requires to perform configurational averages over reliable samples of statistical ensembles. 7 Actually, data analyses generally rely on several assumptions and approximations. In particular, when only the nearest-neighbor EXAFS signal is considered, a phenomenological analysis based on the distribution of interatomic distances is usually done, which, for moderate disorder, can be further simplified by a parametrization in terms of cumulants. 8, 9 The distribution of distances has been related to a mean-force one-dimensional anharmonic potential V e (r). 1, 10, 11 Quantitative relations between EXAFS cumulants and force constants of V e (r) have been obtained on the basis of a quantum statistical perturbative approach. 12, 13 A weakness of the widespread one-dimensional model lies in the nontrivial relation between EXAFS cumulants and mean-force potential V e (r) on the one hand, and the physical properties of a solid on the other, as evidenced by recent experiments on crystals. 2, 5, 6 First, the average nearestneighbor distance and its thermal expansion, measured by the first cumulant, are larger than the distance between average positions and the corresponding crystallographic thermal expansion ͑CTE͒, due to atomic vibrations perpendicular to the bond direction. Second, different information concerning thermal expansion is carried by the first and third cumulants, contrary to the expectations of the one-dimensional model. 10, 12 In the case of germanium, 5 the thermal expansion measured from the third cumulant satisfactorily reproduced the CTE, so that the first-cumulant thermal expansion could be considered as the sum of two effects: the asymmetry of V e (r) ͑measured by the third cumulant͒ and its positive shift induced by atomic vibrations perpendicular to the bond. 9 In the case of AgI, on the contrary, neither the first nor the third cumulants satisfactorily reproduced the CTE; 2 here, a negative shift of the mean-force potential was observed, reproduced by molecular-dynamics ͑MD͒ simulations 2 and attributed to the high mobility of Ag cations.
14 Not only cannot thus the mean-force potential V e (r) be confused with a pair interaction potential, but also a simple interpretation of general validity of its position and shape seems impossible.
In spite of the recent advances in EXAFS interpretation, 15 thermal effects still represent in many instances a challenging problem; a deeper insight would enhance the accuracy, avoid misinterpretations, and exploit the ultimate potentialities of EXAFS-based structural studies. To this aim, careful measurements on systems of different structural and dynamical complexity are necessary. Besides, the calculation of thermal parameters by means of theoretical techniques, independent of experimental data, is important in order to validate the phenomenological data analysis procedures. A simple connection between EXAFS cumulants and pair interaction potential has been sought for a cluster of atoms in Ref. 16 . Full quantum-mechanical calculations, based on perturbation theory, have been performed for a one-dimensional chain 17 and for monatomic fcc systems. 18 To overcome the limitations of perturbative treatments, an approach based on path-integral techniques has been recently proposed. 19 The EXAFS cumulants have been calculated for the Br 2 molecule and for solid krypton and nickel 20 within the path-integral framework using the effective potential approximation. 21 To deal with systems with many degrees of freedom, numerical simulation techniques are particularly appealing. Besides allowing for the use of realistic potentials, they deliver sets of configurations distributed according to statistical ensembles. Path-integral Monte Carlo 22 ͑PIMC͒ allows to study equilibrium properties taking into account both anharmonic-ity and low-temperature quantum effects. PIMC is based on the sampling of the thermal density matrix after its factorization into the product of P matrices with effective temperature P times higher, corresponding to P copies of the system (slices). The resulting probability distribution is sampled by means of appropriate generalized Metropolis algorithms. The PIMC algorithm is exact in the limit P→ϱ. The reliability of PIMC results only depends on the validity of the BornOppenheimer approximation and on the accuracy of the modeling crystal potential. PIMC can be exploited to construct sets of atomic configurations. Relevant physical observables, such as cumulants of distance distributions, can be directly obtained from configurational averages. Besides, the set of atomic configurations can be used as input for EXAFS simulations taking into account multiple-scattering paths.
In this Rapid Communication, we present a joint experimental and theoretical study of the EXAFS of copper in the temperature range from 4 to 500 K. The contribution of the first coordination shell has been analyzed by a phenomenological procedure, in order to clarify the relation between first and third EXAFS cumulants and the CTE. In parallel, a PIMC simulation has been performed.
Since the available EXAFS data on copper were limited to a few temperatures, [23] [24] [25] [26] measurements have been made at the BM08 ͑Gilda͒ beamline of ESRF ͑European Synchrotron Radiation Facility͒, Grenoble, using a ͑311͒ silicon crystal monochromator. The sample was a copper foil of 99.97% purity, 5 m thickness, light tested, and annealed at 973 K ͑purchased from Goodfellow Ltd͒. EXAFS signals were extracted from experimental spectra according to well established procedures. 5, 27 The first-shell contribution to EXAFS at different temperatures, obtained through Fourier filtering, was analyzed by the ratio method, using the 4-K spectra as reference. 8 The results of the analysis were the relative values of the first four cumulants ␦C i ϭC i (T)ϪC i (4 K) of an effective distribution P(r,)ϭ(r)exp(Ϫ2r/)/r 2 . 9 The error bars were evaluated by reasonably varying the parameters of the analysis procedure and cross comparing the results from different files measured at the same temperature. The difference between cumulants C i of the effective distribution and C i * of the real distribution (r) was significant only for the first one:
͑1͒
Three different values of ͑6, 9, and 12 Å͒ were used in Eq. ͑1͒, to compensate for neglecting the dependence of on the photoelectron wave number.
PIMC simulations were performed on a system of 108 atoms with periodic boundary conditions. The cell parameter was held fixed at each temperature according to available crystallographic data. 28 This choice allows to avoid the possible bias on the crystallographic thermal expansion due to the choice of the potential, thus permitting to study local phenomena with higher accuracy. Besides, it considerably reduces the computational load. The number of slices was varied with temperature: 8, 64, and 128 slices were found to guarantee a satisfactory convergence for TϾ200 K, 40ϽT Ͻ200 K, and TϽ40 K, respectively. The sampling method employed a combination of a single-slice and a multipleslice move. In the single-slice move, one or more atoms belonging to the same slice are displaced. In the multiple-slice move, atoms belonging to more than one slice are displaced at the same time. The single-slice move was performed according to the force-bias method, in order to improve acceptance. 29 The multiple-slice move was performed by means of the Lévy bridge construction, in a recursive fashion. 22 This move displaces 2 n Ϫ1 atoms in neighboring slices, exactly sampling the distribution of a system of harmonic oscillators. The number of atoms displaced, i.e., the sampling depth, was held constant. A many-body potential of the tight-binding family 30 ͑SMA-TB͒ was chosen. The total energy is a sum over all atoms i of a many-body attractive term
Ϫ2q(r i j /r 0 Ϫ1)
and a two-body Born-Mayer repulsive term
This potential had been previously used by Edwards et al. for a MD calculation of the EXAFS cumulants of copper, obtaining a good agreement with available experimental data at high temperature. 31 The same parameter values have been chosen in the present work, to allow a reasonable comparison between MD and PIMC.
It is convenient to begin the discussion of results from the second cumulant C 2 * , corresponding, to a very good approximation, to the parallel projection ͗⌬u ͉͉ 2 ͘ of the meansquare relative displacement ͑MSRD͒:
͑4͒
Absolute values of the second cumulant C 2 * ͑full circles in Fig. 1͒ Fig. 1 . The low-temperature quantum effect of zero-point energy is well reproduced, contrary to classical MD simulations. 31 PIMC values are lower than the Debye model ͑7% and 1% at 4 and 500 K, respectively͒, the discrepancy being possibly due to the inadequacy of the Debye model at low temperatures.
In Fig. 2 , the temperature dependence of the first EXAFS cumulants ͑full circles͒ is compared with the CTE from Ref. 28 ͑continuous line͒. The first cumulant C 1 * of the real distribution of distances is to first order connected to the crystallographic distance R through 5, 9 C 1 *ϭRϩ ͗⌬u Ќ 2 ͘/2R.
͑5͒
Since the perpendicular MSRD ͗⌬u Ќ 2 ͘ grows with temperature, the EXAFS thermal expansion ␦C 1 * is larger than the CTE ␦R. The experimental behavior ͑full circles͒ is well reproduced by the ͗r͘ values calculated by PIMC ͑open circles͒. Absolute values of ͗⌬u Ќ 2 ͘ were calculated, as in PIMC is about 2.7 at high temperature. At high temperature, ␥ should be 2 for a perfect parallel-perpendicular isotropy; a value 6 was experimentally found for the first shell of germanium.
5
Let us consider the third cumulant ͑Fig. 3͒. Absolute values of C 3 * were obtained by fitting the temperature dependence of the experimental values ␦C 3 * to the quantum analytical expression of Refs. 12 and 13. The third-order force constant of V e (r) was estimated k 3 ϭϪ1.53 eV/Å 3 , and was then used to find the thermal expansion aϭϪ3k 3 C 2 */k 0 solely due to the asymmetry of the V e (r) potential. 12 A zeropoint value a 0 ϭ4.5ϫ10 Ϫ3 Å was found ͑it was 3 3 ͘ is in satisfactory agreement with experimental data, including the finite value extrapolated at Tϭ0 K ͑open circles in Fig. 3͒ . The sensitivity of PIMC results to the choice of the interaction potential was checked by using a simpler two-body potential 32 instead of the many-body potential. While the first and second cumulants were again satisfactorily reproduced, the third cumulant was dramatically smaller than the experimental values ͑Fig. 3, crossed squares͒.
In conclusion, accurate temperature-dependent measure- ments on copper have shown that EXAFS gives different and complementary information on thermal expansion with respect to Bragg diffraction. The first-cumulant difference can be exploited to gain original information on atomic motion perpendicular to the bond direction. The third-cumulant difference indicates that the anharmonicity of the mean-force potential has no trivial interpretation, and the onedimensional model should be cautiously used when interpreting EXAFS results for systems with many degrees of freedom.
The EXAFS cumulants, calculated by PIMC, were in good agreement with the experimental values. This result, besides representing a validation of the phenomenological first-shell data analysis, opens more perspectives for studying vibrational dynamics not only in crystalline solids ͑in-cluding outer coordination shells͒ but also in noncrystalline systems. Moreover, the possibility has been demonstrated of offering an additive test of interatomic potentials by means of the reproduction of EXAFS thermal parameters.
